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Hans Meinhardt is a theoretical 
developmental biologist working at the 
Max-Planck-Institute for Developmental 
Biology in Tübingen. He has pioneered 
the use of mathematical modelling 
of embryonic pattern formation. He 
received his PhD from the University of 
Cologne in Physics. For a postdoctoral 
fellowship, he went to the European 
High Energy Laboratory CERN at 
Geneva. By collaborating in an 
experiment investigating the leptonic 
Xi-minus decay, he learned to perform 
computer simulations of complex 
systems. In 1969, he switched to 
biology and joined the department of 
Alfred Gierer at Max Planck Institute 
for Developmental Biology (formerly 
Virus Research) in Tübingen. He has a 
long-standing interest in mechanisms 
of biological pattern formation. In 
1982, before molecular approaches 
were feasible in development biology, 
he wrote a book, Models of Biological 
Pattern Formation (Academic Press), 
in which he correctly predicted many 
essential steps in development. One of 
his present interests is to understand 
the generation of the main body axes 
of higher organism by starting from the 
organization of simple radial-symmetric 
ancestors. 
What led you to leave physics early 
in your carrier? During my work at 
CERN I realized that, in high energy 
physics, it is impossible both to gain a 
deep understanding of the theoretical 
background to the subject and to 
contribute to the hi-tech experiments. 
Without such an understanding, one 
has to trust the theoreticians that it 
is worthwhile doing the elaborate 
experiments that they propose. Also, I 
could not design my own experiments, 
which I found unsatisfactory. 
So what turned you on to biology? 
After the decision to leave high energy 
physics, I visited several labs in the 
hope to find a new scientific home. To 
my surprise during this search, I found 
many frustrated scientists, including 
former colleagues, who had moved 
earlier into biology. It was more by 
chance circumstance that I came to 
Tübingen. There I found a bunch of 
people who were very enthusiastic 
Q & A about their work. Up to that time, I never heard about hydra or chromatin. 
I felt these people were bright and 
enjoyed what they were doing; so it 
seemed to me a good place to go. In a 
way, the decision was an irrational one, 
but one I have not regretted. 
Do you have a scientific hero? It was 
a lucky break that I was able to join the 
group of Alfred Gierer. My collaboration 
with him over many decades was both 
stimulating and challenging for me; 
and not just with respect to science, 
but also in the way one looks at the 
world, at life and what is really essential. 
Frequently in a discussion I got the 
feeling that Gierer was thinking more 
carefully about an issue than I was; but 
he was kind enough never to shame 
his discussion partner. After the rise 
of molecular biology, developmental 
biology remained for quite a while an 
exotic branch of biology. Using hydra 
as a model organism, Gierer’s group 
was interested to find out how spatial 
patterns can emerge. His second 
interest around 1969 was to find out 
how different cell types are formed even 
though the genetic material is the same 
in all cells of an organism. 
What attracted you to theory and 
modelling? So, it started in Tübingen 
by trying to purify non-histone proteins, 
thought to be important in cell 
differentiation. This was a disaster. After 
purification I could never demonstrate 
specific DNA binding. The available 
tools were not ready for this approach. 
The actual trigger that turned my 
thinking to mathematical theories was 
a talk given by Günther Gerisch in the 
early seventies about Dictyostelium, 
demonstrating their fascinating 
synchronized oscillation and wave 
formation. I thought that computer 
simulations should be a good tool to 
approach the underlying mechanism. 
Discussing this issue with Gierer on the 
next day, he was listening patiently and 
added then that he also had something 
to simulate. It turns out that he had 
almost a complete theory of biological 
pattern formation ready in his mind. 
You and Gierer proposed a 
mechanism of pattern formation 
that seems similar to Turing’s 
mechanism— how do they relate 
to each other? Alan Turing — most 
famous for his work on the theoretical 
basis of computing — was clearly the 
first to show that patterns can arise if two substances with different diffusion 
rates interact. In our work, we showed 
that pattern formation is possible if, and 
only if, a local self-enhancing process 
is coupled with an antagonistic reaction 
with a long range. These conditions are 
not inherent in Turing’s paper, but one 
can show that Turing’s equations satisfy 
our conditions. The self-enhancement 
is required to amplify minute deviations 
from a homogeneous steady state, 
while the long-range inhibition makes 
sure that self-enhancement remains 
spatially confined and does not lead 
to an overall explosion. Our activator–
inhibitor mechanism is a special 
example of this and, for instance, the 
Nodal–lefty2 interaction involved in 
mesoderm and left–right patterning 
follows this scheme.
Was there an event in your life 
that unexpectedly influenced your 
research? In 1980, I ordered in an 
Italian restaurant “Spagetti frutti di 
mare”. Therein I found some mussel 
shells that were decorated with W-like 
pigmentation lines. It was clear to 
me that these oblique lines represent 
time records of travelling waves of 
pigment production that took place 
along the growing edge. As well-
behaving waves in excitable media 
do, they annihilate each other upon 
collision (the V-shaped tips in the 
patterns of my shell). In itself, this was 
not really exciting, but later I began 
to be intrigued by the overwhelming 
diversity of the patterns on tropical sea 
shells, which could not be explained 
in a straightforward manner. The 
early 1990s were a difficult time for 
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What are they? Roughly speaking, 
multivesicular bodies (MVBs) are 
acidic endocytic organelles defined 
by numerous luminal vesicles. MVBs 
were first visualised by early electron 
microscopists and formally shown to 
connect with the endocytic pathway 
in studies that followed the fate of 
internalised fluid-phase markers, such 
as horseradish peroxidase or small 
gold particles.
Also known as? Late endosomes, 
endocytic carrier vesicles, the 
pre- vacuolar compartment (in yeast).
How are they created? The 
tubulo-vacuolar early endosome 
‘matures’ into the MVB by a process 
of remodelling (Figure 1). Material 
destined for recycling to the plasma 
membrane or trans-Golgi network 
(TGN) concentrates in distinct tubular 
elements, which undergo fission. 
Luminal vesicles accumulate in 
the vacuolar body, which becomes 
increasingly refractory to receipt of 
newly endocytosed material. During 
this process, the vacuole becomes 
more acidic, the small GTPase Rab5 
is lost and replaced by Rab7, and the 
vacuole acquires a different spectrum 
of phosphoinositides on its limiting 
membrane (less phosphoinositide-3-
phosphate (PtdIns3P), probably more 
PtdIns(3,5)P2).
What’s in the luminal vesicles? 
With some exceptions (see below), 
these vesicles contain cargo that 
needs to be delivered to the lysosomal 
lumen, having first been delivered to 
the sorting/early endosome from the 
plasma membrane or the TGN. Such 
cargo can include receptors undergoing 
downregulation or some lysosomal 
enzymes that are in transit from the 
secretory pathway. It is assumed that 
most receptor tyrosine kinases take 
this route to degradation, largely based 
on unequivocal immuno- electron 
microscopy studies of the EGF 
receptor. Attempts to purify the luminal 
vesicles have suggested they are also 
Quick guidestheoreticians in developmental biology, as mainstream opinion held that one 
had to clone the genes involved and 
isolate the corresponding molecules — 
and that development would then 
be understood. The interest in 
theories was correspondingly low. 
At this time, the fascinating and 
beautiful patterns on shells were 
for me an inspiring looking glass to 
study the richness of patterns that 
can emerge if several patterning 
systems are superimposed. Because 
the shell patterns are time records, 
they preserve the complete history 
of their formation — an exceptional 
advantage for decoding the underlying 
dynamics. It has turned out that, 
depending on half life, strength of 
interactions and other parameters, the 
same molecular interaction can lead 
to very different patterns. Without an 
explicit quantitative model, one cannot 
predict directly the emerging pattern, 
even if all the individual components 
involved are known. This is a system 
property, requiring mathematics to 
be understood. The shell work had 
a high pay off for me. The lessons I 
learned from them were later a key 
to understand other highly dynamic 
patterning systems, for example how, 
in an Escherichia coli bacterium the 
cell centre is identified as the place 
to initiate cell division, or how the 
dynamic signalling can be achieved 
that leads to the ever changing 
pseudopod formation at the cortex of 
a motile eukaryotic cell.
Do you have a favourite paper? 
The discovery by Hobmayer et al. 
that the canonical Wnt-pathway is 
crucial for the formation of the hydra 
organizer, reported in their 2000 paper 
‘WNT signalling molecules act in axis 
formation in the diploblastic metazoan’ 
(Nature 407, 186-189), was a key for me 
in several respects. Together with other 
data, this work allowed the hypothesis 
that the body of a hydra-like, radially 
symmetrical ancestor evolved into the 
brain and heart of higher organisms. 
In this view, midline formation — a 
precondition for a central nervous 
system — and trunk formation were 
later evolutionary inventions. In 
this light, therefore, the brains of 
vertebrates and insects are under the 
control of the same genes, although 
the common ancestor had presumably 
no brain: both are derived from the 
body pattern of a common hydra-like 
ancestor. Moreover, we have known for more than 80 years that the Spemann 
organizer is decisive for axis formation 
in vertebrates. But we have two main 
body axes, not just an anteroposterior 
axis but a dorsoventral one as well. 
Starting from the data in the Hobmayer 
et al. paper, it was possible to propose 
a consistent model for the formation of 
a near-Cartesian coordinate system for 
vertebrates — for which one organizer 
is not enough.
What do you think are the big 
questions to be answered next in 
your field? So far, we know very little 
about how the size of a particular 
organ or the final size of an animal 
is encoded in the genes. Having 
the complete sequence of several 
genomes obviously does not help. The 
privilege of a theoretician is that he 
can assume any mechanism, at least 
initially. Even with this freedom, I failed 
to model growth control in particular 
developmental situations. A key 
problem is that we do not know how 
fine-grained the differences between 
adjacent cells are. Another challenging 
problem is the patterning within a cell. 
In a multi-cellular organism position-
dependent gene activation can lead to 
stable cell differentiation in particular 
regions. This cannot work within a 
cell. Nevertheless, pattern formation 
was presumably already invented in 
single-cellular organisms. Progress in 
understanding the common features 
of pattern formation within and 
between cells and the transitions 
between both modes will be certainly 
most fascinating.
What is your hope for the future 
role of theories in developmental 
biology? Theories are an indispensable 
tool in so many branches of 
science. Our intuition is insufficient 
to understand complex systems 
that are based on many positive 
and negative feedback loops. 
Mathematically formulated models 
are an appropriate tool to discriminate 
between hypotheses that appear to be 
reasonable and those that are indeed 
able to account for the observations. 
I hope that in developmental biology 
theories become a normal and integral 
tool to understand this wonderful 
dynamic system, which is at the base of 
our existence. 
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